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Plant microRNAs (miRNAs) are non-coding RNAs that negatively regulate expression of their target
genes. Although much is known about miRNA biogenesis and repression of target genes by miRNAs,
the molecular mechanisms underlying the transcriptional regulation of miRNA itself are poorly
understood. Here, we report that SHORT VEGETATIVE PHASE (SVP) protein is a direct transcriptional
regulator of miR172. The levels of mature miR172 and pri-miR172a were anti-correlated with SVP
activity. miR172a has multiple transcription start sites, among which the transcript starting with
cytosine (671 bp, relative to the mature miR172a) was a major species. EMSA and ChIP analysis
demonstrated that SVP protein binds to the CArG motifs in the miR172a promoter. These results
suggest that SVP protein directly regulates miR172 transcription in Arabidopsis.
Crown Copyright  2012 Published by Elsevier B.V. on behalf of Federation of European Biochemical
society. All rights reserved.1. Introduction
Plant microRNAs (miRNAs) are small, non-coding RNAs that
negatively regulate expression of their target genes via either
homology-dependent sequence-speciﬁc degradation or transla-
tional repression [1]. These miRNAs play an important role in var-
ious aspects of plant development, as evidenced by the presence of
pleiotropic developmental abnormalities in miRNA biogenesis
mutants [2]. Both miRNA production and subsequent negative reg-
ulation by miRNAs appear to be indispensable for normal plant
development.
Plant miRNAs are primarily transcribed by RNA polymerase II
as long RNAs that contain imperfect hairpin structures [3,4].
These long RNAs are subsequently capped, spliced, and polyaden-
ylated [5]. Dicer-like enzymes catalyze excision of the primary
transcript (pri-miRNA) from the stem of a fold-back precursor
[6], during which a 21-nt small RNA is released from an imperfect
double-stranded RNA structure (miRNA:miRNA⁄) recognized by
the miRNA processing machinery. The miRNA is then preferentially
loaded into the RNA-induced silencing complex (RISC) [7], whichd by Elsevier B.V. on behalf of Fedeguides the miRNA to the target mRNA sequences. Although post-
transcriptional regulation of miRNA biogenesis and subsequent
miRNA-regulated gene expression have been extensively studied
in plants [8,9], little is known about the molecular mechanisms
underlying miRNA transcriptional regulation in Arabidopsis.
Ambient growth temperature signiﬁcantly inﬂuences plant
growth and development, including ﬂowering [10]. We previously
identiﬁed a small number of miRNAs from among 120 unique
Arabidopsis miRNAs whose expression is responsive to ambient
temperature changes [11], suggesting a role of plant miRNAs in
the regulation of ambient temperature-responsive ﬂowering. The
expression of one of these temperature-responsive miRNAs identi-
ﬁed, miR172, which is generated from ﬁve loci in Arabidopsis,
decreases at low temperature. Changes in the expression of
miR172 lead to the differential expression of SCHLAFMÜTZE
(SMZ), TARGET OF EAT1 (TOE1), and TOE2 [11]. The anti-correlated
expression pattern between miR172 and its target genes induced
by changes in ambient temperature is consistent with the roles
of these target genes in the control of ﬂowering time [12,13].
SHORT VEGETATIVE PHASE (SVP) encodes a MADS box protein
that regulates ﬂowering in response to ambient temperature
[14]. The loss of SVP function leads to ambient temperature-insen-
sitive ﬂowering, suggesting that SVP plays a role in ambient tem-
perature sensing [14]. SVP protein regulates the expression ofration of European Biochemical society. All rights reserved.
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CONSTANS 1 (SOC1) by binding to the CArG motif in their genomic
loci [14,15]. SVP protein interacts with FLOWERING LOCUS C (FLC)
protein [15], which plays an important role in the vernalization re-
sponse. However, the ambient temperature responses of svp-32 and
ﬂc-3mutants are different [14], indicating that the ambient temper-
ature response via SVP is distinct from the vernalization response.
As transcription factors often regulate multiple targets, SVP protein
likely has an additional target(s) in ambient temperature signaling.
Here we report the transcriptional regulation of miR172 by SVP
protein. Anti-correlated expression of pri-miR172a and mature
miR172 was observed in loss- and gain-of-function alleles of SVP.
Four transcription start sites (TSS) of miR172a were identiﬁed.
SVP protein directly bound to the CArG motifs in the miR172a pro-
moter in vitro and in vivo. These results suggest that SVP is a direct
negative regulator of miR172a transcription in Arabidopsis.
2. Materials and methods
2.1. Plant materials and measurement of ﬂowering time
Wild-type Arabidopsis plants (Columbia), svp-31, svp-32 [14],
and 35S::SVP-HA plants were grown in Sunshine Mix 5 (Sungro
Horticulture, USA) or on Murashige and Skoog (MS) medium at
16 C, 23 C, and 27 C under long-day (LD) conditions (light inten-
sity: 120 lmol m2 s1). Flowering time was measured by scoring
the total number of leaves (>12 plants).
2.2. Gene expression analyses
To determine expression levels, we isolated total RNAs or crude
protein extracts from plants at Zeitgeber time (ZT) 8. A real-time
quantitative PCR (RT-qPCR) procedure was employed [16] and
performed using primers JH5969 (50-GAGCCACGGTCGTTGTTGG-30)
and JH5970 (50-GGGAGAGAGAGAGAGAGGGAAA-30) to detect pri-
miR172a. All RT-qPCR experiments were carried out in two
biological and three technical replicates, each with similar results.
Expression of the mature miR172 was determined by small RNA
hybridization analysis, as described previously [11]. Western blot-
ting was performed as reported previously [17].
2.3. 50-Rapid ampliﬁcation of cDNA Ends (RACE) analysis
Total RNAswere extracted from8-day-old seedlings using TRIzol
reagent (Invitrogen, USA) and treated with DNaseI (NEB, USA). The
50-RACE analysis was performed according to the manufacturer’s
instructions (Invitrogen, USA). Five microgram of RNA was treated
with CIP + TAP and then ligated to the RNA oligo-adaptor with T4
RNA ligase. The ﬁrst-strand cDNA synthesized using the oligo-dT
primer was used as a template in 50-RACE with a primer speciﬁc
to the RNA adaptor and two miR172a-speciﬁc primers [JH7737
(outer primer: 50-GCCAACAACGACCGTGGCTCCGGAAAT-30); JH77
38 (inner primer: 50-CGTGGCTCCGGAAATTAGTCTTCCATT-30]. Two
rounds of nested PCR were performed, and the resulting amplicons
were sequenced to map the TSS of the pri-miR172a.
2.4. Production of SVP-GST protein
The SVP open reading frame (ORF) was cloned into the pGEX-5T
vector (GE Healthcare, USA) and the resulting construct introduced
into Escherichia coli BL21 cells. Cell pellets were resuspended in 1
PBS buffer, sonicated, and then centrifuged, following which the
supernatant was mixed with glutathione Sepharose 4B beads (GE
Healthcare, USA) and puriﬁed according to the manufacturer’s
instructions.2.5. Binding assays
The electrophoretic mobility shift assay (EMSA) was performed
as previously described [14]. DNA probes were end-labeled with
c-[32P] ATP and the labeled probes mixed with 200 ng of puriﬁed
probes in a binding buffer supplemented with 500 ng poly (dI-dC).
After incubation at room temperature for 30 min, the samples were
electrophoresed in an 8% polyacrylamide gel, following which the
gel was dried and visualized on a FUJI BAS-2500 system (Fuji,
Japan). For the chromatin immunoprecipitation (ChIP) assay, 1 g
of 10-day-old 35S::SVP-HA seedlings was used. The ChIP procedure
was performed as previously reported [14]. The relative enrich-
ment of each fragment was calculated by the DDCt method [18].
3. Results
3.1. Characterization of 35S::SVP-HA plants
To investigate transcriptional regulation by SVP protein, we
generated a transgenic plant overexpressing HA-tagged SVP
protein (35S::SVP-HA). Overexpression of SVP not only affects ﬂow-
ering time but also results in the production of abnormal inﬂores-
cences [19]; therefore, we selected a transgenic line that had an
altered ﬂowering time but normal inﬂorescence (Fig. 1A). The
35S::SVP-HA plants used here showed weak late ﬂowering (17.5
leaves) with a normal inﬂorescence under LD conditions (Fig. 1B)
(wild-type plants: 15.4 leaves). Western blot analysis with the
anti-HA antibody showed a strong signal in 35S::SVP-HA plants
(Fig. 1C), indicating that the SVP-HA protein was successfully pro-
duced in 35S::SVP-HA plants. This further suggested that the late
ﬂowering phenotype was derived from the overproduction of
SVP-HA protein.
Introduction of the 35S::SVP-HA construct into svp-32 mutants
and subsequent measurement of the ﬂowering time of 35S::
SVP-HA svp-32 plants revealed that about half of the 35S::SVP-HA
svp-32 mutants ﬂowered later than svp-32 mutants in the T1 gen-
eration (Fig. 1D), indicating that the introduction of 35S::SVP-HA
construct suppressed the early ﬂowering of svp-32 mutants. This
demonstrated that SVP-HA protein is functional and that
35S::SVP-HA plants could be used to study SVP function.
3.2. Alterations in SVP activity affect mature miR172 and pri-miR172a
transcript levels
miRNA northern hybridization analysis showed that themiR172
expression level was gradually decreased at lower ambient temper-
atures (Fig. 2A). Mature miR172 levels in loss- and gain-of-function
alleles of SVP were determined to clarify whether the miR172
expression level is associated with SVP activity. The level of mature
miR172 increased in svp-31 and svp-32 mutants, but decreased in
35S::SVP-HA plants at both 23 C and 16 C (Fig. 2B and C). Further-
more, the late ﬂowering of 35S::SVP-HA plants was completely sup-
pressed by miR172 overexpression (Fig. 2D). These results suggest
that miR172 expression is negatively regulated by SVP at different
ambient temperatures and that miR172 may be a downstream
target of SVP protein. Since a similar response was observed at the
two temperatures tested, subsequent experiments were carried
out at 23 C.
PrimarymiR172a transcript (pri-miR172a) levelsweremeasured
by RT-qPCR to determine whether the elevated levels of mature
miR172 resulted from increased transcription of the miR172 locus.
A lesion in SVP resulted in the induction of pri-miR172a expression
(1.7-fold), whereas pri-miR172a expression was downregulated
(0.7-fold) in 35S::SVP-HA plants (Fig. 2E). This ﬁnding is consistent
with the observation of alterations in mature miR172 levels in the
Fig. 1. Phenotype of plants overexpressing HA-tagged SVP protein under long-day (LD) conditions. (A) Phenotype of 40-day-old 35S::SVP-HA (right) and wild-type (WT) (left)
plants. The structure of 35S::SVP-HA construct is shown (top). Note that the 35S::SVP-HA plants had a normal primary inﬂorescence structure and normal ﬂowers. (B)
Flowering time of 35S::SVP-HA and svp-32 plants. Error bars indicate standard deviation. (C) Overproduction of SVP-HA protein in 35S::SVP-HA plants. rbcL was the loading
control. (D) Distribution of ﬂowering time of 35S::SVP-HA svp-32 plants. An inverted triangle indicates the average ﬂowering time of each genotype.
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of mature miR172 resulted from the alteration in miR172a
transcription.
3.3. Determination of the transcription start site (TSS) of the pri-
miR172a
The determination of the TSS is a prerequisite to any study of
the direct interaction between a transcription factor and the pro-
moter sequence of its target gene. 50-RACE analysis, performed to
identify the TSS of pri-miR172a, revealed a band of about 800 bp
(Fig. 3A). Sequencing of the amplicons identiﬁed four TSSs (G, G,
C, and A) (Fig. 3B), located 713, 711, 671, and 666 bp, respectively,
upstream of the 50-end of the mature miR172a. The most fre-
quently identiﬁed base was cytosine (5/10), suggesting that the
miR172a transcript starting with cytosine is a major species. Con-
served TATA boxes were identiﬁed upstream of G/G and C/A, sug-
gesting that the transcription of pri-miR172a initiates 22–28 bases
downstream of the putative TATA boxes. Six canonical or variants
of CArG motifs were identiﬁed within the putative pri-miR172a
promoter region (2.7 kb) upstream of the major TSS (C) (Fig. 3C).
CArG motifs I, II, IV, V, and VI were located in the sense strand
(Fig. 3D), and a putative CArG motif (VII) was found downstream
of the major TSS.3.4. SVP-GST protein binds to the CArG motifs in the pri-miR172a
promoter in vitro
As SVP protein functions as a transcriptional regulator [14], neg-
ative regulation of miR172a expression by SVP can be achieved via
direct binding to the pri-miR172a promoter. This possibility was
tested using EMSA to determine whether SVP protein binds to
the CArG motifs (Fig. 3D) of the putative pri-miR172a promoter
in vitro. Puriﬁed SVP-GST proteins expressed in E. coli (Fig. S1)
and synthesized oligonucleotides, each containing seven individual
putative CArG motifs (Fig. 3D) found within the pri-miR172a pro-
moter, were used in this assay.
SVP-GST proteins bound to a subset of the CArG motifs, result-
ing in a mobility shift band (Fig. 4A) in putative CArG motifs I, III,
and V in EMSA; in contrast, putative CArG motifs II, IV, VI, and
VII and a negative control (NC) showed no apparent band-shifts.
However, the binding afﬁnity of SVP-GSP proteins to CArG motif
I was weaker than those to CArG motifs III and V. The band-shift
was not observed when the CArGmotifs I, III, and V were incubated
with GST alone, suggesting that the binding of SVP protein to these
motifs in the miR172a promoter is speciﬁc. However, our competi-
tion assays indicated that the addition of excess amounts of unla-
beled competitor probes to the EMSAs greatly reduced the
intensity of the respective shifted bands of CArG motifs III and V,
Fig. 2. Expression of miR172 in 35S::SVP-HA and svp-32 plants. (A) miRNA northern analysis of mature miR172 at 27 C, 23 C, and 16 C. Ethidium bromide-stained rRNAs
were used as the loading control. The numbers below each miRNA blot denote fold change relative to the miRNA level at 23 C. (B and C) miRNA northern analysis of mature
miR172 in 10-day-old WT, svp-32, and 35S::SVP-HA plants (B) and 10-day-old WT and svp-31 plants (C) grown at 23 C and 16 C. (D) Flowering time of 35S::SVP-HA,
35S::miR172a, and 35S::SVP-HA 35S::miR172a plants under LD conditions. Error bars indicate standard deviation. (E) Pri-miR172a expression in svp-32 and 35S::SVP-HA plants
with respect to two stable reference genes, AT1G13320 and AT2G28390 [16].
Fig. 3. Analysis of the transcription start site (TSS) of the pri-miR172a. (A) Agarose gel electrophoresis of 50-RACE PCR products (arrow). M: 1 kb ladder. (B) Location of the
TSSs of pri-miR172a. Four TSSs identiﬁed in this study are indicated by arrows with their frequency. A major TSS is indicated by boldface. Two putative TATA box motifs are
boxed. TSSs previously reported [5] are marked (asterisks). (C) Map of six putative CArG motifs (open boxes) identiﬁed upstream of the major TSS. A grey box and a close box
indicate a putative CArG motif found downstream of the TSS and a negative control (NC) sequence, respectively. A major TSS is denoted with an arrow. JH7737 and JH7738 are
miR172a-speciﬁc nested primer sets for 50-RACE. (D) Sequence information of CArG motifs tested in this study. Bold letters indicate core CArG motif.
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Fig. 4. EMSA of SVP-GST protein binding to the CArG motifs in the pri-miR172a
promoter. (A) EMSAs exhibiting speciﬁc binding of SVP-GST proteins to a subset of
the CArG motifs in the pri-miR172a promoter. An arrow denotes a speciﬁc band-
shift. (B and C) Competition analysis of SVP-GST proteins binding to CArG motifs I,
III, and V. Unlabeled speciﬁc (B) or non-speciﬁc (C) oligonucleotides at 10, 100,
and 1000 molar excess were used as competitors.
Fig. 5. ChIP assay of SVP-HA protein binding to the CArG motifs in the pri-miR172a
promoter. (A) Different fragments in a 2.7 kb pri-miR172a promoter analyzed by
ChIP-qPCR. (B) ChIP-qPCR assay using 35S::SVP-HA plants. Relative enrichment of
fragments was calculated by comparing samples immunoprecipitated with anti-HA
and cMyc antibodies. Error bars indicate standard deviation.
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CArG motif I were not speciﬁc. In addition, the intensities of upper
shifted bands (indicated by an asterisk in Fig. 4B) were not changed
in the presence of unlabeled competitors, indicating that the upper
band was also non-speciﬁc. Furthermore, the band-shift seen in the
CArG motifs III and V was not affected by adding of excess amount
of unlabeled non-competitor probes (Fig. 4C). Taken together, our
results suggest that SVP protein speciﬁcally binds to CArG motifs
III and V to directly regulate pri-miR172a transcription.
3.5. SVP-HA protein binds to the CArG motifs in the miR172a promoter
in vivo
To test whether SVP-HA protein binds to the CArG motifs of the
miR172a promoter in vivo, we performed a ChIP-qPCR using
35S::SVP-HA plants (Fig. 5A). We detected enrichment from frag-
ments harboring CArG motifs I (from 2588 to 2412, relative to
the major TSS), II (from 1948 to 1773), and V (from 416 to
217) (Fig. 5B). These motifs precipitated with SVP-HA protein
with a similar efﬁciency (approximately >2-fold). Relatively weak
enrichment was found in a fragment (from 1676 to 1519) har-
boring CArG motifs III and IV. In contrast, no apparent enrichment
was observed from fragments harboring CArG motif VI (from 207to +42), VII (from +20 to +207), and a negative control region that
does not contain a CArG motif (from +484 to +644). These results
indicate that SVP protein binds directly to the CArG motifs in the
pri-miR172a promoter in vivo.
4. Discussion
Three main lines of evidence derived from this study suggest
that the miR172a promoter is a direct target of SVP protein. First,
a lesion in SVP caused an increase in mature miR172 and pri-
miR172a levels, whereas SVP overexpression caused a decrease in
mature miR172 and pri-miR172a levels (Fig. 2B and E). Secondly,
miR172 overexpression completely suppressed the late ﬂowering
phenotype of 35S::SVP-HA plants (Fig. 2D). Thirdly, SVP protein
was found to bind directly to the CArG motifs in the pri-miR172a
promoter (Figs. 4 and 5). These ﬁndings indicate that SVP inhibits
miR172 expression by binding directly to the miR172a promoter
and are in agreement with those from a recent genome-wide
analysis [20].
The notion of miR172 being a direct target of SVP protein is
consistent with their respective roles in ambient temperature-
responsive ﬂowering (Fig. 6). miR172 is a potent ﬂoral activator
[12] whose activation causes ambient temperature-insensitive
ﬂowering [11]. SVP is a ﬂoral inhibitor that negatively regulates
FT and SOC1 by directly binding to their respective genomic loci
[14,15]. A decrease in SVP function causes ambient temperature-
insensitive ﬂowering [14] comparable to that observed in
miR172-overexpressing plants [11]. In our study, we observed that
35S::SVP-HA plants had altered levels of mature miR172 (Fig. 2B)
and SVP protein (Fig. S2). Thus, one possible scenario explaining
the ﬂowering time of wild-type plants at different ambient
temperatures may be that an increase in SVP expression at low
ambient temperature decreases pri-miR172a transcription and,
ultimately, mature miR172 levels as well. This decrease in mature
miR172 level would likely delay the ﬂowering of wild-type plants
Fig. 6. A proposed model to explain the interaction between SVP protein and the
miR172a promoter. At low ambient temperatures, SVP protein preferentially binds
to the CArG motifs (III and V) of the miR172a promoter to inhibit miR172a
transcription.
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reduced at relatively higher ambient temperatures, which would
alleviate the repression of the transcription of pri-miR172a, even-
tually increasing the level of mature miR172 and thereby acceler-
ating ﬂowering at that temperature.
Our 50-RACE experiment revealed four TSSs of pri-miR172a
which, interestingly, differ in location from two TSSs previously
reported (675 and 487 bp, upstream of the 50-end of the mature
miR172a) (Fig. 3) [5]. One of these TSSs is very close (4 bp apart)
to the major TSS identiﬁed in our study. Thus, it is likely that the
pri-miR172a transcription mainly starts close to cytosine (671 bp
upstream of the 50-end of the mature miR172a) identiﬁed in this
study. However, the second TSS [5] with a putative TATA box
was located approximately 180 bp downstream of our major TSS,
suggesting that the transcription of miR172a in plants is controlled
by complex regulatory mechanisms. Since multiple TSSs are com-
monly found in many miRNAs [5,21], it would be interesting to
elucidate the mechanism underlying the differential selection of
alternative start sites by the transcriptional machinery.
EMSA and ChIP assays were used to identify the direct binding
of SVP to the miR172a promoter (Figs. 4 and 5). The EMSA results
suggest that SVP protein binds to CArG motifs III and V, whereas
those from the ChIP assay suggest that SVP binds to CArG motifs
I, II, III/IV, and V. The effects of CArG motifs III and IV could not
be separated due to their proximity. Since binding to CArG motifs
I and II was only observed in the ChIP assay, we draw the tentative
conclusion that CArG motifs III and V are the potential binding sites
of SVP protein in the miR172a promoter. Consistent with our ﬁnd-
ings, a recent ChIP-seq study has shown that SVP protein binds to
the 0.5-kb region that includes CArG motifs V and VI [20]. How-
ever, we cannot exclude the possibility that the ChIP assay using
transgenic plants containing the 35S promoter-driven SVP trans-
gene do not faithfully reﬂect the processes inside wild-type plants
due to the ectopic or elevated expression of the transgenic SVP pro-
tein. Furthermore, different binding afﬁnities were seen in the
EMSA and ChIP assays using the same SPL3 construct [22]. Further
detailed assays, such as those for testing the effect of mutation
introduced in each CArG motif in vivo, should provide evidence
supporting SVP protein binding to these CArG motifs.
In summary, we provide experimental data demonstrating that
the transcription of miR172a is directly controlled by SVP. We also
show that, in addition to its classical role of regulating the tran-
scription of ﬂowering time and ﬂoral patterning genes, SVP protein
also plays a role in controlling miRNA transcription. miR172 pro-
cessing is also controlled by FCA protein [23], an RNA binding pro-
tein, further molecular studies will shed light on the regulatory
network among ﬂowering time genes.Acknowledgements
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